The role of complement receptors in phagocytosis of herpes simplex virus (HSV) 
Introduction
Little attention has been paid to the role of phagocytes in antiviral defense. Recently it has been shown that phagocytes can ingest and kill virions and methods have been developed to measure the uptake of these virions using either radiolabeled techniques (1) (2) (3) or chemiluminescence (4) (5) (6) . The role of this phenomenon in vivo is shown by experiments with influenza virus and foot and mouth disease virus in a murine model (1, 5, 7) . PMN are often found abundantly in viral lesions (8, 9) and especially in herpes simplex virus (HSV)' keratitis the role of phagocytosis by PMN seems to be established (2, 4) .
How these small particles are ingested and which receptors are used in the process of internalization by the PMN are both largely unknown. The role of the different PMN receptors in the process of phagocytosis is best illustrated in experiments performed with red blood cells and microspheres coated with isolated complement components. After the binding of IgG opsonized particles through Fc receptors present on the surface of PMN, the PMN is triggered to internalize the particles and to mount a respiratory burst (10, 1 1) . Complement receptors are present in low amounts on the surface of PMN and can be upregulated from internal stores by different mechanisms: by fluid-phase C3b (12) , by chemotactic factors, and during purification steps (13, 14) . Complement receptor 1 (CR1), CR3 and CR4 preferentially bind C3b, C3bi, and C3dg, respectively. There is a marked increase in the uptake by PMN or macrophages of erythrocytes coated with both antibodies and complement as compared with red blood cells coated with antibodies alone (15) . Particles coated with C3 fragments alone are bound to the PMN, whereas internalization through complement receptors requires an extra stimulus. Furthermore, the trigger to a metabolic burst is absent (16) (17) (18) (19) . Microorganisms, by contrast, are often efficiently ingested in the presence of complement alone. In the case of unencapsulated bacteria or yeast particles coated with complement alone, cell wall components of these microorganisms provide the extra trigger needed for ingestion and metabolic burst (Yeast a glucan, LPS) (20) (21) (22) (23) . This phenomenon is not completely explained, because it is often difficult to determine whether microorganisms are inside or outside the PMN.
We studied the interaction of herpes simplex virions with human granulocytes, the main invading leukocytes in herpes lesions (9, 24) . In earlier work (25), we reported that complement activation by HSV-infected fibroblasts in the absence of specific antibodies resulted in adherence of human granulocytes to these fibroblasts. Here we describe the analysis of the deposited serum factors on purified herpes simplex virions after exposure to sera containing complement, specific antibodies, or both. We also studied the interaction of human granulocytes with purified herpes simplex virions. Using a phagocytosis assay based on flow cytometric measurements of fluorescent virions (26), we describe how to discriminate between adherent vinions and internalized particles. For determination of virus titer, serial 10-fold dilutions were made and each dilution was combined with 104 fibroblasts per well in microtiter plates. After 6 d each well was scored for the presence of cytopathic effect and the 50% tissue infective dose was calculated.
Sera. Sera from healthy volunteers were screened for HSV-specific antibodies using an ELISA and an antibody-dependent killer cell-mediated cytotoxicity assay, both have been described previously (25) . Sera with no detectable amount ofanti-HSV antibodies as well as sera with high levels of specific anti-HSV-antibodies were pooled and then stored at -700C (referred to as negative and positive sera, respectively).
All sera were tested in a 50% hemolytic complement-activity assay and only those with normal complement levels were used. To deplete sera of complement activity they were either heated for 30 min at 560C or treated with 10 mM EDTA.
Isolation of human PMN. PMN were isolated according to the method ofB6yum (27) Deposition of C3b/C3bi on virions. Virions were incubated with different sera and the different constituents of the immune complexes identified. A total of 100 ,l of purified virus was incubated with 100 Ml diluted serum for various time periods. Subsequently 10 ml ice-cold PBS was added and the virus was washed twice to remove unbound C3 by centrifugation for 1 h at 150,000 g. The virus was then suspended in 2.5 ml PBS and 50 Ml per well was coated on microtiter plates (polyvinyl chloride flat bottom, Flow Laboratories) by desiccation overnight at 370C. Plates were washed five times with 0.05% Tween-20 in water, incubated for 1 h at 370C with a blocking agent (4% skimmed milk, 0.05% Tween-20 in PBS) and washed again five times. Incubations with aC3-PO (1/8,000) were performed for 1 h at 370C and were followed by washing (five times) using 0.05% Tween in water. For C3bi measurement, wells were first incubated with aC3bi (1/5,000) for I h, washed five times and then incubated with aMIgG-PO (1/5,000). Afterwards, 50 Ml substrate (0.1% tetramethyl-benzidine and 0.0 13% urea peroxide in 0.1 M sodium acetate-citrate buffer, pH 6.0) was added to each well. After incubation for 10 min at 370C, the enzyme reaction was stopped by the addition of 50 Al 2 NH2SO4. Absorbance was measured at 450 nm in a spectrophotometer (Titertek Multiscan; Flow Laboratories). As controls, EDTA treated serum, C3-deficient human serum, aMIgG-PO without aC3bi and samples without HSV were assayed.
Fluorescence quenching technique. Trypan blue staining was used as a method for extracellular quenching of fluorochrome emission. This technique was described for use in fluorescence quenching on microscopic slides by Sahlin (29) and more recently for use in flow cytometry applying crystal violet as a quenching dye (30) . Raji cells, which are incapable ofuptake but can bind immune complexes at their surface, were used as the control (31) .
After the binding of viruses was complete, cells were suspended in PBS. Then part ofthe cells were washed, suspended in 0.02 M sodium acetate buffer (pH 5.8), and measured. The remaining cells were suspended in sodium acetate buffer containing 0.2 mg/ml trypan blue.
After 20 s, the cells were washed twice and resuspended in the sodium acetate buffer. It was necessary that the pH ofthe extracellular environment be 5.8 to optimize the trypan blue quenching, as determined by Sahlin (29) .
Raising the intracellular pH. An additional assay to confirm the intra-or extracellular location ofvirions used the lysosomotropic agent ammonium chloride. When a FITC-labeled virion is taken up into a PMN vacuole and phagosome-lysosome fusion occurs, the pH drops and the fluorescence intensity diminishes. By adding a lysosomotropic agent, the pH increases and the enhancement of fluorescence can be calculated. Therefore, after the phagocytosis assay, the cells were washed and resuspended in PBS. After the sample was measured in the FACS the remaining cells were mixed with one-third volume 150 mM ammonium chloride, which resulted in a final concentration of 50 mM ammonium chloride, maintaining isotonicity and remeasured.
Chemiluminescence. To measure PMN metabolic burst, luminolenhanced chemiluminescence was monitored over time. A total of 50 Ml virus suspension and 50 Ml diluted serum were mixed and incubated at 37°C for 30 min. Then 300 Ml PMN (2 X 107/ml) and 50 Ml luminol 6 X 10-5 M were added. Light emission was measured for 6 s, with 2-min intervals during 30 (Fig. 1 A) and serum concentration (Fig. 1 B) . Sera treated with 10 mM EDTA to chelate both calcium and magnesium, and also serum deficient in C3, remained below background values. To avoid the measurements being blurred by C3b binding by gC, the same experiments were performed at 4°C. The specific gC binding could not be measured in this system; values were always below background (Fig. 1 A) . In both the control, peroxidase-conjugated anti-mouse IgG, and all measurements in the absence of HSV, OD were always < 0.1 (data not shown).
Phagocytosis using complement and/or antibodies. When measuring phagocytosis by flow cytometry using the different sera (positive or negative, heated or unheated) we were able to distinguish antibody-mediated phagocytosis from complement mediated phagocytosis. The results are shown in Fig. 2 . The mean fluorescence channel of flow cytometric measurement is expressed as the percent phagocytosis relative to the maximum obtained fluorescence (30 min, 20% serum with antibodies and complement). Antibody-mediated phagocytosis of herpes virions occurs (up to 30% uptake in 20% serum) and is markedly enhanced by the addition of complement. When complement alone is present the association of FITC labeled virions to the granulocytes reaches the same level as in the case of antibodies alone. However, it must be taken into account that due to the pH ofthe environment (either inside a vacuole or outside the PMN) the fluorescence intensity is not the absolute reflection of the bound FITC. Therefore, the next series of experiments were performed.
Fluorescence quenching with trypan blue and vacuolar pH raise using ammonium chloride. The efficacy of the trypan blue-quenching method was controlled with Raji cells. These cells possess large amounts of both Fc and complement receptors but are not able to ingest immune complexes. Cells, positive serum and different amounts of purified FITC-labeled virions were mixed and incubated under circumstances comparable to those described for PMN. Cells were washed and suspended in buffer (pH 5.8). Fluorescence intensity was measured before and after addition of trypan blue. The effect of ammonium chloride on the surface fluorescence was determined in an identical manner except that the buffer control had a pH of 7.4. Table I Calculation ofpercentage viruses inside the PMN. The percentage of particles located inside the PMN can be calculated from both above described experimental approaches. Measurements at pH 7.4 = a, with ammonium chloride = b, at pH 
The percentage inside can be expressed as With these equations, we can calculate the percentage ofparticles inside the PMN in serum with antibodies and complement from Table II . This results in 75% inside the PMN according to the trypan blue method and 83% inside the PMN according to the ammonium chloride method, both with SE of 1 5%. Chemiluminescence using complement and/or antibodies.
When purified virions were mixed with antibodies, they stimulated PMN to mount a metabolic burst, as measured by detection ofchemiluminescence (Fig. 3 A) . When both complement and antibodies were present, chemiluminescence was markedly enhanced (Fig. 3, A and B) . However, when complement alone was present, no oxidative burst could be observed (Fig. 3 A) .
Discussion
The role ofcomplement receptors in PMN-mediated phagocytosis is commonly determined using red blood cells or agarose beads as assay particles. From such studies, one can conclude that adhesion and enhancement of Fc receptor-mediated phagocytosis are functions of complement receptors. In addition to complement receptor binding, internalization of particles and the triggering of PMN to mount a metabolic burst both require an extra signal (16) (17) (18) (19) . With pathogenic target organisms, however, these findings have not been confirmed. The PMN is probably triggered by surface components of the microorganism (20) (21) (22) (23) . Complement receptors on macrophages can be converted into uptake receptors by lymphokines (33) , fibronectin, and laminin (34) . Endocytosis of small aggregated molecules via complement receptors has been reported with PMN but not with U937 cells (35, 36) . It has been proposed that phosphorylation of the complement receptors plays a crucial role in these events (37) . Furthermore, this research is complicated by the difficulty of determining the ratio of particles inside to outside. For red blood cells this can be determined by hypotonic shock and for Staphylococcus aureus it can be determined by lysostaphin treatment; both methods use the lysis of extracellular particles. However, for other bacteria and yeast cells, determining the ratio ofparticles inside to outside is more difficult.
In our model of phagocytosis of FITC-labeled HSV by PMN using flow cytometric analysis of fluorescence intensity per PMN, we evaluated the relative role ofthe different receptors in binding, uptake, and stimulation. In earlier work (25) we prepared two different pools of human sera that contained either very large or nondetectable amounts of anti-HSV antibodies. In the negative pool, complement activation by HSV-infected cells was still significant, as shown by the deposition of C3 on the surface of infected cells, which was not due to classical pathway activation. To show that the virion itself also activates complement in the absence of antibodies, an ELISA described by Gordon et al. (38) was modified to monitor the C3b and C3bi deposition on virions incubated with human complement. Use of a C3bi neoantigen-specific MAb demonstrated that C3bi was formed on these virions, indicating again actual complement activation and not aspecific sticking of C3b to the virions (32).
Our recently described method of measuring phagocytosis of purified virions by human PMN with flow cytometry demonstrated the association of PMN with virions loaded with complement alone. To determine whether FITC-labeled particles are really taken up or just attached to the PMN, two independent methods were developed. The first was fluorescence quenching, described by Sahlin et al. (29) for use with microscopic slides, and based on the quenching of the fluorochrome in the presence of a dye. FACS measurements of nonphagocytic Raji cells revealed that complete quenching by trypan blue occurs. The second method used intracellular pH as a guideline. Fluorescence intensity of FITC is dependent on pH; in a low-pH environment, the fluorescence of FITC will be much lower than that seen in an environment of physiological pH. As can be concluded from several studies by others, the pH of a PMN phagolysosome will drop rapidly to > 600 (29, 39), but can be raised by the addition of a lysosomotropic agent (40) . Hence, when a virion is present in a phagolysosome, the fluorescence will increase after the addition of such an agent, e.g., ammonium chloride. To exclude interference with phagosome-lysosome fusion, the lysosomotropic agent must be added after the assay. Using Raji cells as a control, we showed that the addition had no effect on the outer fluorescence. An irreversible effect of PMN on FITC fluorescence has also been described (41) . This was due to chlorination of the fluorescein by a myeloperoxidase-dependent pathway. The reconstitution of fluorescence by ammonium chloride in our system must represent a reversible process and thus favors the possibility that acidification is the main cause of lower fluorescence. Although chlorination may play a role, it will not affect the lack of enhancement with complement alone.
The fluorescence detected when measuring phagocytosis using PMN and complement was comparable to that seen when specific anti-HSV antibodies alone were used. However, the two techniques used here allowed us to discern an important difference: viruses loaded with complement alone are all extracellular, whereas when only specific antibodies are present without complement, all are located intracellularly in phagolysosomes. When both antibodies and complement are present, virions are located both intra-and extracellularly, although far more particles are associated than in either of the former cases. We calculated, using both quenching with trypan blue and the ammonium chloride assay, that 80% of the viruses are inside the cell. This complement enhancement of antibody-dependent phagocytosis was also reported by Smith et al. (2) , and may be due to the formation of larger immune complexes or a more efficient adhesion to the PMN, because more receptors are involved. This enhanced adhesion will lead to enhanced internalization because the PMN is triggered by Fc receptors.
We measured PMN activation under circumstances comparable to those occurring in the phagocytosis assay using luminol-enhanced chemiluminescence. It was found that virions plus antibodies stimulated the PMN and that this signal could be enhanced markedly by adding complement. Complement alone plus virions could not induce a chemiluminescent response in PMN.
In conclusion, complement receptors present on the PMN in our model are incapable of promoting either an internalization trigger or stimulation ofthe PMN. This not only confirms the observations of others, using coated red blood cells or agarose beads (16) (17) (18) (19) , but establishes that this phenomenon also occurs with pathogenic organisms, such as herpes simplex virus, which makes it even more interesting.
